Abstract -Cytomixis has been described in many plant species, but not in Salvia miltiorrhiza Bunge, a well-known Chinese herb. The present study reports spontaneous cytomixis during microsporogenesis in S. miltiorrhiza (2n = 16) for the first time. Cytomixis frequently occurred in early prophase I but very rarely in meiosis II. The type of cytomixis that occurred most often was where chromatin migrated from one nucleus into an adjacent cell. Migration from one nucleus into two or more than two cells, or from two or more nuclei into one cel1 was also observed. In addition to cytomixis, other meiotic abnormalities were also found, but the results showed that cytomixis had no significant effect with pollen viability and seed efficiency. The possible causes, cytological consequences and genetic significance of cytomixis were discussed.
INTRODUCTION
The phenomenon of cytomixis, defined as the migration of chromatin or chromosomes between meiocytes through cytoplasmic connection channels or intercellular bridges, has been reported in numerous plant species. It was first observed by KörnicKe (1901) in pollen mother cells (PMCs) of Crocus sativus L., and then reported by Gates (1911) in Oenothera gigas and O. biennis. Since then, this phenomenon was reported by many researchers in a wide range of flowering plant families. Recent evidence suggests that it is a normal genetically controlled phenomenon influenced by physiological and environmental factors (Omara 1976; mantu and sharma 1983; ZhenG et al. 1987; Bellucci et al. 2003; lattOO et al. 2006; BOldrinia and PaGliarinia 2006) .
Although opinions about the significance of cytomixis are varied and conflicting, most researchers agreed that it must have evolutionary significance (srivastav and raina 1980; Ghanima and talaat 2003; BOldrinia and PaGliarinia 2006). It was considered a possible cause of aneuploidy and polyploidy (Bell 1964; lattOO et al. 2006) , and even as one of the modes of origin of B chromosomes (chenG et al. 1975) .
In the present study cytomixis was recorded for the first time in Salvia miltiorrhiza, a widely used medicinal herb (also known as danshen in Chinese) in Asian countries (YanG 1990) . Its root officially listed in the Chinese Pharmacopoeia has been traditional used for centuries to treat cardiovascular diseases such as angina pectoris, myocardial infarction, and stroke (China Pharmacopoeia Committee 2005) . Some studies also indicated that the extract of S. miltiorrhiza could treat liver diseases (Liu et al. 2002) , acquired immunodeficiency syndrome (AIDS) (aBd-elaZem et al. 2002) , diabetic nephropathy (JunG et al. 2002) , and other diseases. So Salvia miltiorrhiza has extensive and important curative effects in practice. The present study focused on the characterization of cytomixis events detected in studies of meiosis in S. miltiorrhiza, and the consequences of cytomixis in relation to meiotic behavior and reproductive success of the species were also discussed.
MATERIALS AND METHODS
Plant material growth conditions -The materials used for the present study consisted of a population of 300 plants procured from Shandong province, China. The plants were grown in a welldrained sandy loam soil with periodic organic manuring under uniform cultivation conditions in the experimental plots at State Key Laboratory of Crop Biology, Shandong Agricultural University. Cytological study -For meiotic studies, immature spikelets were fixed in freshly prepared Carnoy's solution (ethanol: acetic acid = 3:1) for 24 hr, after which they were washed and transferred to 70% alcohol and stored at 4°C. Both fixed and freshly collected anthers were squashed and stained with Carbol fuchsin before microscope study. Photographs were taken from freshly prepared slides using an Olympus BX60 microscope with automatic camera. Estimation of seed efficiency and reproductive success -Pollen stainability was scored from pollens stained with freshly prepared 0.5% TTC. Pollen output per flower was calculated by estimating the number of pollen grains per anther and multiplying by two, pollen-ovule ratio was obtained by dividing the number of pollen grains by number of ovules per flower (cruden 1977).
For estimation of seed efficiency, few individual inflorescences were selected at random, tagged and scored, first for number of flowers and ovules and then the number of seed set. Seed efficiency was calculated as the number of filled seeds, divided by seed potential multiplied by 100.
Reproductive success is the product of the fruit to flOwer ratios (Fr/Fl) and the seed to ovule ratio (S/O) (weins et al. 1987) . Inflorescences from 9 plants were tagged to measure the reproductive efficiency.
RESULTS

Cytomixis in pollen mother cells of S. miltiorrhiza
-Meiotic study proved that the chromosome number of S. miltiorrhiza was 2n = 16. Almost all the examined cells had the expected 8 bivalents ( Fig. 1-a) . Most microsporocytes nuclei of S. miltiorrhiza successively undergo meiosis I and II ( Fig. 1-b , 1-c), and generate four haploid nuclei ( Fig. 1-d ), then differentiation into tetrads ( Fig. 1-e) that subsequently give rise to mature pollen grains ( Fig. 1-f ).
In our study, spontaneous chromatin migration occurred at high frequency during microsporogenesis in S. miltiorrhiza. Dynamic of chromatins during chromatin migration was observed. First, one or more chromosome ends began to extend in one or more directions. Then chromosomes started to migrate through the cytoplasmic channel. During transfer, the chromatin was condensed and visible as darkly stained heterochromatic masses (chromatin balls) that lay close to the cell membrane ( Fig. 2-a, 2-b, 2-c) . In some observed cells at diakinesis, the chromatin migrated in the form of chromosome (Fig. 2-d) . Chromatin migration caused the formation of single or multiple chromatin bridges between PMCs (Fig. 2-e, 2-f) , the chromatin was transferred either in one direction or randomly.
The cells usually transferred chromatin to only one of the neighboring cells (Fig. 3-a) , but sometimes to two or more cells (Fig. 3-b , 3-c), or even from two or more nuclei into one cel1 ( Fig. 3-d) .
In some instances the recipient cell also passed the chromatin on to another cell sometimes ( Fig. 3-e) .
And in few cells, the chromatin passed though the adjacent cells into another cells were observed ( Fig. 3-f) .
In S. miltiorrhiza, cytomixis was observed mainly during early prophase I in PMCs (Table  1, Fig. 4) , and the frequency was highest during pachynema (83.186%). Cytomixis also occurred during metaphase and anaphase I, but very rarely in meiosis II. Chromatin migration did not only happen involving cells that were in the same stage, but also cells in different stages of meiosis.
The amount of chromatin being transferred ranged from one chromosome to an entire nucleus, but it happened only very rarely that the whole nucleus would migrate leaving the meiocyte denucleated. Cells with less chromosomes (Fig. 5-a , 5-b) and with additional chromosomes (Fig. 5-c) were detected at lower frequency. Meiotic irregularities and pollen stainabilityApart from cytomixis, other aberrant chromo- some behavior were also observed although they occurred at very low frequency. These include the presence of laggard chromosomes in anaphase I (1.544%), and the laggard chromosomes showed precocious division towards both poles ( Fig. 5-d ).
Chromosome bridges in anaphase I (1.968%) and anaphase II (0.33%) can be observed in various types, for example single bridge or a couple of bridges . No micronuclei in tetrads or microspores were observed. While stained with TTC, pollen stainability averaged 63.15% (Fig. 6) . Different size of pollens can be observed, some smaller pollen grains (Fig. 6-b) had the size 14-20 μm while the normal pollen in size 40-50 μm. The smaller pollen were light stained, cannot undergo the normal mitosis, (Table 2) . Results showed that pollen grains differentiating per anther averaged 9,728.2 ± 10.5, the pollen ovule ratio per flower averaged 4,864.1 ± 5.25. Although every plant had more than 1,000 flowers, only less than 50% of it can be matured into fruits. The number of flowers that matured into capsules per plant averaged 650.8 ± 105.2, and the number of ovules that are sired into seeds per capsules averaged 3.02 ± 1.276. Reproductive success (Fr/Fl × S/O) was extremely lower (0.3704). The seed set rate was relatively higher (78%) while emasculated and artificial pollination than open pollination (33.79%).
DISCUSSION
Cytomixis was reported by many researchers in a wide range of flowering plant families (sarvella 1958; heslOP-harrisOn 1966; BOBaK and herich 1978; ZhenG et al. 1987; Bellucci et al. 2003; lattOO et al. 2006; BOldrinia and PaGliarinia 2006) . It was also reported in spermatogenesis in animals (ventela et al. 2003) and lower plants ( KwiatKOwsKa et al. 2003) . In recent years there is accumulating evidence that cytomixis is a normal, genetically controlled phenomenon influenced by physiological and environmental factors (Omara 1976; mantu and sharma 1983; ZhenG et al. 1987; Bellucci et al. 2003; lattOO et al. 2006; BOldrinia and PaGliarinia, 2006) rather than being due to fortuitous causes such as fixation, mechanical injuries or pathological anomaly.
In this study, spontaneous cytomixis was observed in S. miltiorhiza. The transfer of chromatin material is more frequent in meiosis I and very rare in subsequent divisions. In order to decrease the effect that of fixation might have on the occurrence of cytomixis, freshly collected anthers were squashed and stained immediately without fixation. Results showed that the occurrence and frequency of cytomixis seemed no different between the fresh and fixed anthers. But the frequency of cytomixis in different plants seemed difference, as the frequency of cytomixis at diakenesis and metaphase I of a little plant was higher than the other plant. And the flowers harvested in higher temperature seemed had more chromosome migration than the flower harvested in lower temperature. Thus, cytomixis is very likely a normal cytological phenomenon under direct genetic control and physiological factors which may be modified by certainly influence.
In many species in which cytomixis was observed, the phenomenon was closely correlated with pollen fertility. In this study, high frequency of cytomixis was observed in S. miltiorhiza. Aberrant chromosome behavior other than cytomixis was also observed, but the frequency was much lower than that of cytomixis, and few cells with additional chromosomes were detected. Though exist some smaller pollen and empty pollen, but most pollen fertility was normal, pollen stainability with TTC was 63.15%. And the pollen ovule ratio per flower averaged 4864, indicating that cytomixis and its genetic consequences have no effect on pollen numbers. It suggested that there have sufficient and viable pollen grains for average flower.
As the seed efficiency was relatively higher at 78% while emasculated and artificial pollination and 33.79% while open pollination, it probably indicated that it is the mode of pollination not pollen fertility influence lower seed efficiency (33.79%) and lower reproductive success (0.3704). The results suggested that cytomixis had no significant effect with pollen viability and seed efficiency in S. miltiorhiza . But the high incidence of cytomixis raised the question of why continued meiosis was normal and why a much lower frequency of meiotic irregularities was detected? Why did chromatin migration have very little effect on microsporogenesis and pollen fertility? What were the fate and effect of the migrated chromosome(s)? These questions remain unanswered and will require for the research.
